Monocyte-derived AAMs express the costimulatory ligand PD-L2 and can induce the differentiation of CD4 + Foxp3 + regulatory T cells via retinoic acid, whereas F4/80 hi CD206 − tissue-resident macrophages are PD-L2 − and upregulate the mitochondrial thermogenic protein UCP1 (ref. 19) . As acute inflammation transitions to chronic inflammation in the affected tissue, inflammatory macrophages may adopt the phenotype of tissue-resident macrophages 21, 22 .
Vitamin A deficiency is a common micronutrient deficiency that often affects individuals in regions of the world where chronic helminth infections are endemic 23 . Retinoic acid is a metabolite of vitamin A that has multiple roles in regulating both innate and adaptive immunity 24 , including activation of the transcription factor GATA-6 (ref. 25) to induce the differentiation of F4/80 hi peritoneal macrophages. Here we show that vitamin A was required for the conversion of monocyte-derived F4/80 int CD206 + PD-L2 + MHCII + macrophages into a tissue-resident F4/80 hi CD206 − PD-L2 − MHCII − UCP1 + macrophage phenotype in the peritoneal cavity and in liver granulomas in mice during S. mansoni infection.
RESULTS

Conversion of AAM mono cells to a tissue-resident AAM res phenotype
Injection of recombinant IL-4-antibody complex (IL-4c) into the peritoneal cavity of C57BL/6 mice induces the accumulation of F4/ 80 hi CD206 − PD-L2 − MHCII − UCP1 + macrophages, which are derived from tissue-resident F4/80 hi CD206 − peritoneal macrophages of embryonic origin 19 , whereas injection of IL-4c and thioglycollate (thio) induces the accumulation of F4/80 int CD206 + PD-L2 + MHCII + cells, which derive from Ly6C hi inflammatory blood monocytes 19 . To investigate whether inflammatory macrophages can undergo conversion to a tissue-resident macrophage phenotype, we sorted F4/80 int CD206 + PD-L2 + MHCII + cells (hereinafter referred to as AAM mono cells, unless otherwise specified) from CD45.1 + C57BL/6 mice treated with thio and IL-4c and transferred them by intraperitoneal (i.p.) injection into CD45.2 + C57BL/6 mice untreated or treated with two doses of IL-4c over 4 d. Transferred peritoneal CD45.1 + AAM mono cells downregulated the expression of PD-L2 after being transferred into untreated mice but not IL-4c-treated recipient mice, whereas the expression of CD206 was maintained in both types of hosts (Fig. 1a) , which indicated that the expression of PD-L2 on AAM mono cells was modulated and sensitive to the continued presence of IL-4 in vivo, whereas the expression of CD206 and major histocompatibility complex class II (MHCII) (Supplementary Fig. 1a-c) was maintained in this time frame. CD11b + F4/80 hi CD206 + macrophages isolated from thio-treated mice, which do not express PD-L2, induced the expression of PD-L2 in recipient mice treated with two doses of IL-4c over 4 d, but not in untreated recipients ( Supplementary Fig. 1a-c) .
We also transferred F4/80 hi CD206 − PD-L2 − MHCII − UCP1 + macrophages (hereinafter referred to as AAM res cells, unless otherwise specified) from IL-4c-treated CD45.1 + C57BL/6 mice into the peritoneal cavity of recipient CD45.2 + C57BL/6 mice. CD45.1 + donor macrophages transferred into IL-4c-treated or untreated recipient mice maintained the AAM res phenotype for 5 d in the peritoneal cavity ( Supplementary Fig. 1d ). However, in recipient mice that were treated with thio and IL-4c 24 h after transfer, donor CD45.1 + AAM res cells could not be detected in the peritoneal cavity 4 d later ( Supplementary Fig. 1e) ; this observation could be considered reminiscent of the macrophage-disappearance reaction of tissue-resident F4/80 hi peritoneal macrophages 26 .
In time-course experiments, 1 week after the administration of a single i.p. injection of thio alone or thio plus IL-4c to wild-type C57BL/6 mice, CD11b + peritoneal macrophages were F4/80 int CD206 + , whereas 4 weeks after injection, CD11b + peritoneal macrophages were F4/80 hi CD206 + (Supplementary Fig. 2a) . Eight weeks after i.p. thio injection, CD11b + peritoneal macrophages were F4/80 hi CD206 − , similar to what was observed in naive untreated mice ( Supplementary  Fig. 2a ). We also examined the long-term fate of F4/80 int CD206 + PD-L2 + AAM mono cells from CD45.1 + mice treated with thio and IL-4c after the cells were transferred into the peritoneal cavity of untreated CD45.2 + recipient mice (Fig. 1b) . Eight weeks after transfer, less than 0.05% of the total peritoneal-cavity CD45.1 + cells were detected in the peritoneal cavity, yet this cell population was rapidly expanded over 4 d by injection of IL-4c into the recipient mice ( Supplementary  Fig. 2b ). After 8 weeks of this IL-4c-driven expansion, donor CD45.1 + macrophages were F4/80 hi CD206 − PD-L2 − (Fig. 1b) , which suggests that PD-L2 was not re-induced. Thus, after 8 weeks of residence in the peritoneal cavity, transferred AAM mono cells had adopted an F4/80 hi CD206 − PD-L2 − AAM res phenotype.
We next examined how environmental changes altered the proliferative capacity of transferred macrophages as measured by 5-ethynyl-2-deoxyuridine (EdU) incorporation 3 h before cell harvest. More CD45.1 + donor cells were detected in recipients of transplanted F4/80 int CD206 + macrophages from donors treated with both thio and IL-4c than in recipients of F4/80 int CD206 + macrophages from thio-treated donors (Supplementary Fig. 2c ). However, 5 d after macrophage transfer, both types of donor CD45.1 + macrophages showed less proliferation than host CD45.2 + AAM res cells did after 4 d of IL-4c treatment (Fig. 1c) . At 8 weeks after transfer, donor CD45.1 + macrophages from both thio-treated and thio-IL-4c-treated donors had incorporated EdU at similar levels as F4/80 hi CD206 − host resident peritoneal macrophages (Fig. 1d) , which indicated that after longterm residence in the peritoneal cavity, transferred AAM mono cells had adopted the proliferative capacity of AAM res macrophages. Thus, Ly6C hi monocyte-derived F4/80 int CD206 + macrophages can undergo conversion into tissue-resident-like F4/80 hi CD206 − macrophages.
The transcription factors STAT6 and IRF4 regulate the expression of genes induced by IL-4 in macrophages (e.g., Retnla) 14, 27 . F4/80 int CD206 + macrophages isolated from CD45.2 + Stat6 −/− mice 4 d after thio treatment and transferred into wild-type CD45.1 + mice that were treated with IL-4c for 4 d did not upregulate PD-L2 (Supplementary Fig. 2d ). F4/80 int CD206 + macrophages transferred from Stat6 −/− mice did not increase EdU incorporation above the level observed in control (PBS-treated) mice in response to 4 d of IL-4c treatment ( Supplementary  Fig. 2e ). However, these macrophages were F4/80 hi CD206 − 8 weeks after transfer (Fig. 1e) , which indicates that STAT6 is not required for macrophage conversion to a tissue-resident phenotype, but may regulate proliferation. Similarly, transferred Irf4 −/− F4/80 int CD206 + macrophages adopted a tissue-resident F4/80 hi CD206 − phenotype and did not induce PD-L2 expression in IL-4c-treated recipient mice 8 weeks after transfer (Fig. 1f) , which indicates that the conversion of Ly6C hi monocyte-derived F4/80 int CD206 + cells into tissueresident-like F4/80 hi CD206 − macrophages in the peritoneal cavity is independent of both STAT6 and IRF4.
CX3CR1 + derived cells adopt a tissue-resident phenotype AAM mono cells express CX3CR1 (ref. 19 ) and can be tracked in Cx3cr1 CreERT2-IRES-EYFP mice (hereinafter referred to as Cx3cr1 Cre mice), which express a tamoxifen (TAM)-inducible Cre recombinase (CreERT2) under the control of the endogenous Cx3cr1 promoter, followed by an IRES-EYFP element 28 . To trace the fate of Cx3cr1 Cre+ cells without using adoptive transfers, we crossed Cx3cr1 CreERT2-EYFP/+ mice with Rosa26 stop-tdTomato reporter mice (hereinafter A r t i c l e s referred to as R26 tdTomato mice). We analyzed peritoneal macrophages in Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice injected intraperitoneally with thio or thio plus IL-4c after 1, 4 and 8 weeks while simultaneously labeling Cx3cr1 Cre+ cells with a single dose of TAM, which irreversibly labels CX3CR1 + cells and their progeny by inducing the expression of tdTomato. One week after administration of thio plus IL-4c, 94.6% of peritoneal CD11b + tdTomato + macrophages were F4/80 int CD206 + , whereas 4 weeks after the injection 55.7% of CD11b + tdTomato + macrophages were F4/80 hi CD206 + . Eight weeks after treatment, 32.7% of CD11b + tdTomato + cells had adopted an F4/80 hi CD206 − tissue-resident phenotype (Fig. 2a) . CD11b + tdTomato + macrophages could be induced to be PD-L2 + by 4 d of IL-4c treatment at 4 weeks after the initial thio-IL-4c injection, whereas those CD11b + tdTomato + cells that had persisted in the peritoneal cavity at 8 weeks could no longer be induced to express PD-L2 by IL-4c treatment, and expressed lower amounts of MHCII (Fig. 2b,c) . Hereinafter we refer to these converted tdTomato + F4/80 hi CD206 − cells as AAM conv cells, to distinguish them from F4/80 hi CD206 − AAM res cells that are tdTomato − .
RT-PCR analysis of AAM conv cells sorted from the peritoneal cavities of mice that had been treated with thio for 8 weeks and with IL-4c for 4 d before cell harvest indicated that in addition to losing expression of CD206 and PD-L2, AAM conv cells induced the expression of UCP1, similar to AAM res cells in naive mice (Fig. 2d) . Genetic fate-mapping experiments reproduced the results of the adoptive transfer and indicated that 8 weeks after an inflammatory response in the peritoneal cavity, recruited CX3CR1 + monocytederived cells had adopted a tissue-resident peritoneal macrophage phenotype.
Transcriptional and chromatin profiles of AAM conv cells To further examine whether monocyte-derived inflammatory macrophages are truly reprogrammed as homeostatic, tissue-resident macrophages, we carried out global transcriptional profiling using RNA-seq and mapped chromatin-accessibility regions by assay for transposase-accessible chromatin with sequencing (ATAC-seq) in tdTomato + AAM mono cells or tdTomato − AAM res cells isolated 4 d after mice were treated with both thio and IL-4c or with IL-4c only, respectively, and in AAM conv cells isolated 4 d after IL-4c treatment, with thio injection having been administered 10 weeks before IL-4c treatment, from Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice kept on a continuous TAM diet to label all CX3CR1 + monocytederived cells during the treatment period (Fig. 3a) .
RNA-seq showed that AAM conv cells had a gene expression profile similar to that of AAM res cells, as determined by pairwise Euclidean distance calculation (Fig. 3b) , principal component analysis (Supplementary Fig. 3 ) and Pearson correlation analysis (Supplementary Fig. 3 ), despite sharing tdTomato expression with AAM mono cells. Differential analysis identified 7,939 genes that were differentially expressed between AAM conv cells and AAM mono cells, of which 3,973 genes were expressed at higher levels in AAM conv cells (Fig. 3c) . Many of those genes were enriched for Gene Ontology annotations involving the cell cycle (Fig. 3d) , which may reflect the increased proliferative capacity of AAM conv cells. Of the 1,730 genes that were differentially expressed between AAM conv cells and AAM res cells, most (1,055) genes showed higher expression in AAM res cells (Fig. 3c) , which indicates that the AAM conv cells had acquired most, but not all, of the transcriptional features of AAM res cells. In addition, the log fold changes of these differential genes between AAM conv cells and AAM res cells were of a lesser magnitude than the log fold changes of differential genes between AAM conv cells and AAM mono cells (Fig. 3c) . Unsupervised clustering analysis of expressed genes across AAM mono , AAM conv and AAM res cells showed that most of the transcriptional profile in AAM conv cells (11, 042 genes in k-means clusters C2 and C3) resembled that of AAM res cells (Fig. 3e) . However, a subset of genes (2,632 genes in k-means cluster C4) expressed in AAM res cells were not acquired by AAM conv cells (Fig. 3e) .
In parallel with the RNA-seq analysis, we used ATAC-seq to identify regulatory elements that were transposase-accessible in the populations of macrophages analyzed. At a global level, the chromatin profiles of AAM conv cells were more similar to those of AAM res cells than to those of AAM mono cells, as indicated by pairwise Euclidean distance calculation (Fig. 3f) , pairwise Pearson correlation ( Supplementary  Fig. 3 ) and principal component analysis (Supplementary Fig. 3 ). Despite the common lineage from CX3CR1 + cells, differential analysis comparing tdTomato + AAM conv cells to tdTomato + AAM mono cells revealed greater differences in chromatin profiles (6,050 differential regulatory elements) than between AAM conv cells and tdTomato − AAM res cells (350 differential regulatory elements), and the differences were of a greater magnitude (Fig. 3g) . Specific gene analysis indicated that distinct regulatory elements at the Pdcd1lg2 locus (encoding PD-L2) were accessible only in AAM mono cells, and not in AAM conv cells (Fig. 3h) , consistent with the cell-surface expression of PD-L2, whereas AAM conv cells gained accessibility to the Ucp1 locus, which A r t i c l e s was also accessible in AAM res cells, but not in AAM mono cells (Fig. 3h) . Notably, the Gata6 locus was accessible in AAM mono cells (Fig. 3h ) even in the absence of GATA-6 expression ( Fig. 3g) , which may indicate a role for functional plasticity. Thus, the differences in regulatory element accessibility and chromatin landscapes correlated with the functionality of AAM mono , AAM res and AAM conv cells. Unsupervised clustering analysis of the accessible regulatory elements in AAM mono , AAM res and AAM conv cells assigned the regulatory elements to three different clusters; C1 (14,075 regulatory elements) contained largely AAM mono -specific regulatory elements, whereas C3 contained 13,280 regulatory elements that were common to both AAM conv and AAM res cells ( Fig. 3i) , similar to the findings of the supervised differential analyses. Thus, AAM conv cells had transcriptional and chromatin profiles that were more similar to those of AAM res cells than to those of AAM mono cells, despite their being derived from the same CX3CR1 + lineage as the AAM mono cells. 
A r t i c l e s
Defect in AAM res cells during vitamin A deficiency
Because retinoic acid can induce GATA-6-dependent peritoneal macrophage differentiation 25 , we generated vitamin A-deficient (Vit-A DEF ) wild-type C57BL/6 mice that were maintained on a vitamin A-deficient diet beginning at day 10 of gestation, and compared them with wild-type mice maintained on a control (Vit-A CON ) diet. At 8 weeks, Vit-A DEF mice lacked F4/80 hi CD206 − resident peritoneal macrophages (Fig. 4a) , consistent with previous reports 25 . Whereas the total number of peritoneal cells at steady-state was lower in Vit-A DEF mice than in Vit-A CON mice ( Supplementary Fig. 4 ), the total number and percentage of F4/80 int CD206 + macrophages ( Fig. 4a and Supplementary Fig. 4 ) was increased compared with that in Vit-A CON mice. Numbers of FSC lo SSC hi granulocytes were also increased compared with those in Vit-A CON mice (data not shown), as previously described 29 . Intraperitoneal injection of IL-4c in Vit-A DEF mice induced the expansion of F4/80 int PD-L2 + AAM mono cells, in contrast to the expansion of F4/80 hi PD-L2 − AAM res cells in Vit-A CON mice (Fig. 4b) . The proliferation of peritoneal CD11b + F4/80 + macrophages after IL-4c treatment, as determined by the incorporation of EdU, was also significantly reduced in Vit-A DEF mice compared with that in Vit-A CON mice (Fig. 4c) (Fig. 5a) . The number of CD45.1 + macrophages recovered from Vit-A DEF recipients 4 d after IL-4c treatment was reduced twofold compared with that obtained from Vit-A CON recipient mice (Fig. 5a) . We used CD45.1 + mice treated directly with IL-4c without adoptive transfer as controls in FACS gating and staining assays. At 8 weeks after macrophage transfer into CD45.2 + Vit-A CON mice, donor CD45.1 + F4/80 + macrophages were 91.5% PD-L2 − CD206 − (Fig. 5b-d) , which indicated conversion into tissueresident macrophages. In contrast, 73.6% of donor CD45.1 + F4/80 + macrophages transferred into Vit-A DEF mice were PD-L2 + CD206 + (Fig. 5b-d) and had lower expression of F4/80 and higher expression of MHCII than observed in donor macrophages in Vit-A CON mice, which were PD-L2 − CD206 − (Fig. 5c,d) , thus indicating that a vitamin A-deficient environment disrupts the conversion of inflammatory macrophages into a tissue-resident phenotype. We also tested whether vitamin A is required for inflammatory-toresident macrophage conversion by administering simultaneous TAM treatment and i.p. thio injection, followed 8 weeks later by IL-4c injection, to Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice that had been maintained on a vitamin A-deficient diet beginning at day 10 of gestation. Four days after the IL-4c treatment, 51.5% of tdTomato + macrophages were F4/80 hi CD206 − PD-L2 − in Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ Vit-A CON mice, compared with 0% in Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ Vit-A DEF mice (Fig. 5e,f) , which indicated impaired macrophage conversion. Next we tested whether the accumulation of inflammatory macrophages in the Vit-A DEF mice was reversible. In Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ Vit-A DEF mice that had been switched back to the control diet, 60% of tdTomato + cells were F4/80 hi CD206 − after 8 weeks on the control diet (Fig. 5e,f) . RT-PCR analysis of tdTomato + macrophages sorted from Vit-A DEF and Vit-A CON Cx3cr1 CreERT2-EYFP/ + R26 tdTomato/+ mice from these experiments indicated that Ucp1and Gata6 mRNA were expressed only in tdTomato + AAM conv cells from 
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Vit-A CON mice (Fig. 5g) . However, Ucp1 and Gata6 mRNA expression was restored in tdTomato + cells from Vit-A DEF mice 8 weeks after the mice were switched back to the control diet (Fig. 5g) . Thus, vitamin A sufficiency was required for the conversion of F4/80 int CD206 + macrophages into F4/80 hi CD206 − macrophages in both the adoptivetransfer model and the Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice.
Macrophages in S. mansoni granulomas are heterogeneous
Arg1 + Retnla + Chil3 + PD-L2 + AAMs in early liver granulomas of S. mansoni-infected mice are derived from inflammatory Ly6C hi monocytes 15, 16 . We used C57BL/6 mice infected with S. mansoni to test whether macrophages convert to an AAM res phenotype as granulomas mature. S. mansoni eggs begin to be lodged in the liver 5-6 weeks after the initial infection. Although we detected considerable heterogeneity between individual mice, RT-PCR detected Ucp1 mRNA expression in the liver at 8 weeks after S. mansoni infection (Fig. 6a) , whereas Ucp1 mRNA was undetectable in the livers of uninfected mice. Time-course analysis indicated that Ucp1 was detectable only 7-8 weeks after infection (Fig. 6b) , which suggests that at least 7 d must pass after egg deposition before mRNA expression of Ucp1 begins in the liver. Granuloma macrophages show no significant increase in proliferation at 8 weeks after infection 15, 16 . However, at 12 and 15 weeks after infection, we detected more EdU + F4/80 + macrophages in the livers of S. mansoni-infected mice than in those of uninfected mice (Fig. 6c,d) , although the expression of Ucp1 was not significantly greater at 12 weeks than at 9 weeks after infection (Supplementary Fig. 5 ). We used 3-h pulse-labeling and EdU staining of tissue sections to determine whether the pattern of UCP1 expression was associated with cells that had incorporated EdU in the liver granulomas at 8 weeks after infection. UCP1 staining was not detected in small and immature granulomas (<200 µm) and was observed predominantly at the periphery of histologically more mature and organized granulomas (>200 µm) ( Fig. 6e and Supplementary Fig. 5c ). Whereas EdU + cells were detected throughout immature granulomas (Fig. 6f) , EdU + cells were found only in the periphery of mature granulomas, where UCP1 + cells were also detected (Fig. 6e,f and Supplementary  Fig. 5b,c) , which indicates that the distribution of proliferating cells remained distinct as the granulomas matured, and that there was partial overlap between proliferation and UCP1 expression.
To observe the clonal expansion of CX3CR1 + monocyte-derived cells, we crossed Cx3cr1 Cre mice with Rosa26 Brainbow2.1 reporter mice 30 , which stochastically express one of four fluorescent proteins (GFP, YFP, RFP and CFP) when Cre expression is induced by TAM in CX3CR1 + cells to recombine the 'Confetti' gene. In this system, proliferation of any CX3CR1 + cell produces progeny that express the same fluorescent protein as the original cell, thus enabling the tracing of proliferating clones, which appear as patches 30 . We infected Cx3cr1 CreERT2-EYFP/+ Rosa26 Brainbow2.1/+ mice with S. mansoni and pulsed them with TAM at either 7 or 11 weeks after infection. At 12 weeks after S. mansoni infection (i.e., 5 weeks or 1 week after TAM pulsing), small and immature granulomas showed an even distribution of different fluorescent-dye-labeled cells in close proximity to the eggs w e e k s I n f e c t e d A r t i c l e s (Fig. 6g) , which indicated that these cells had independently recombined the Confetti gene and were not derived from a single clone. In contrast, in mature granulomas, patches of cells that expressed the same fluorescent dye were found only in the periphery (Fig. 6g) , which indicated the clonal expansion of CX3CR1 + cells, and was consistent with the detection of EdU + cells in the periphery of mature granulomas. These results suggest that AAM mono cells undergo proliferation and may convert to the AAM conv phenotype as granulomas become more organized and mature.
Tracking CX3CR1 + cells in the liver of S. mansoni-infected mice Next we monitored the fate of CX3CR1 + monocyte-derived cells in Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice infected with S. mansoni and treated with TAM 5 weeks after infection. At 1 week after TAM treatment (6 weeks after infection), more than 50% of CD11b + cells in the liver were tdTomato + , whereas at 5 weeks after TAM treatment (10 weeks after infection), <1% of CD11b + cells in the liver were tdTomato + (Fig. 7a,b) , which indicates that CX3CR1 + monocyte-derived cells undergo rapid turnover during infection. Notably, 34.8% of the CD11b + F4/80 + cells were YFP − at 1 week after TAM treatment (Fig. 7c) , which indicated that CX3CR1 expression had already been downregulated by that time. Next we analyzed the cell-surface phenotype of YFP + tdTomato − , YFP + tdTomato + , YFP − tdTomato + and YFP − tdTomato − cells. We observed PD-L2 + CD206 + AAM mono cells in the YFP + tdTomato + (8.7%) and YFP + tdTomato − (6.9%) compartments, in contrast to the YFP − tdTomato + compartment (0.45%; Fig. 7d,e) . RT-PCR analysis of sorted cells showed that Ucp1 was expressed in the tdTomato + compartment (Fig. 7f) . These results indicate that macrophages derived from CX3CR1 + precursors can adopt different phenotypes during S. mansoni infection, and can adopt a phenotype similar to that of AAM conv cells as they downregulate CX3CR1. Given the rapid turnover of tdTomato + cells in the liver during S. mansoni infection, we maintained S. mansoni-infected Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice on a TAM-containing diet to allow continuous labeling of CX3CR1 + derived cells. At 12 weeks after infection (6 weeks on the TAM diet) we found an increase in the number of tdTomato + YFP − cells in the liver compared to that observed 8 weeks after infection (i.e., after 2 weeks on the TAM diet) (Fig. 7g) . We detected expression of PD-L2, CD206 and MHCII in FACS analyses of YFP + cells, but not of tdTomato + YFP − cells (Fig. 7h) , and we detected Ucp1 transcripts by RT-PCR in sorted tdTomato + cells (Fig. 7f) , in agreement with studies indicating that CX3CR1 + monocyte-derived cells can adopt a tissue-resident macrophage phenotype in the liver 7 .
When we infected Vit-A DEF C57BL/6 mice with S. mansoni, we observed >80% mortality over 10 weeks, compared with no mortality in S. mansoni-infected Vit-A CON mice (Fig. 8a) . The expression of Ucp1 mRNA in the liver was significantly reduced (Fig. 8b) and the organization of UCP1 + cells in the periphery of liver granulomas was disrupted (Fig. 8c) in S. mansoni-infected Vit-A DEF mice compared with infected Vit-A CON mice 8 weeks after infection. Furthermore, EdU incorporation and Gata6 mRNA expression were reduced in CD11b + F4/80 + macrophages in the livers of S. mansoni-infected Vit-A DEF mice compared with those in infected Vit-A CON mice (Fig. 8b,c) . Treatment of S. mansoni-infected Vit-A DEF mice with all-trans retinoic acid induced the recovery of F4/80 hi macrophages (Fig. 8d,e) . In addition, in mice treated with all-trans retinoic acid, the expression of Ucp1 and Gata6 mRNA was increased in the liver (Fig. 8b,c) compared with that in untreated Vit-A DEF mice, and UCP1and EdU staining was restored in the periphery of mature liver granulomas (Fig. 8c) . We also observed fewer Siglec-F + eosinophils in the livers of S. mansoni-infected Vit-A DEF mice than in those of infected Vit-A CON mice, and eosinophil numbers were partially restored by treatment with all-trans retinoic acid (Fig. 8f) , suggesting restoration of the type 2 immune response, which was disrupted during vitamin A deficiency. Thus, retinoic acid may restore both type 2 immune responses and macrophage conversion.
We also examined the conversion of CX3CR1 + monocyte-derived cells into macrophages during lung granuloma formation 7 d after S. mansoni eggs were delivered by intravenous (i.v.) injection (after i.p. sensitization with S. mansoni eggs for 14 d) into Cx3cr1 CreERT2-EYFP/+ R26 tdTomato/+ mice fed a Vit-A DEF diet (Supplementary Fig. 6a ). There was no significant difference in the accumulation of tdTomato + cells in the lung between those mice and Vit-A CON mice (Supplementary Fig. 6a ). Almost no CD11b + tdTomato + cells had downregulated CX3CR1-YFP A r t i c l e s expression, unlike in liver granulomas. We also examined macrophages in lung granulomas in bone marrow chimera mice with a 50:50 mix of wild-type (CD45. Fig. 6b) . We infected the wild-type:Stat6 −/− bone marrow chimeras physiologically with S. mansoni cercariae; all rapidly lost weight, and died at 7 weeks after infection (Supplementary Fig. 6c ). Thus, STAT6 may have a more dominant role in the function of liver granuloma macrophages during natural infection than in lung granulomas from eggs delivered intravenously. 19 , but here we found that AAM conv cells also gained expression of UCP1. Although chromatin accessibility is often considered to be a mark of cellular lineage, here we found that changes to both the transcriptional profile and the cell-surface phenotype of the AAM conv cells were accompanied by near-complete remodeling of the chromatin landscape so that it closely resembled that of AAM res cells, and that the changes to chromatin accessibility correlated with expression of the markers PD-L2 and UCP1. In Vit-A DEF mice infected with S. mansoni, failure of monocyte-derived inflammatory macrophages to convert to a tissue-resident phenotype was associated with disrupted liver granuloma architecture and increased mortality. Retinoic acid can induce the expression of the gene that encodes GATA6 (ref. 25 ), a transcription factor that regulates the differentiation of resident peritoneal macrophages 25, 32, 33 . GATA6 + macrophages accumulate in the liver after sterile injury 34 . Although we have not specifically tested the role of Gata6 in the differentiation of AAM mono cells to the AAM res phenotype, expression of Gata6 in the liver was induced during S. mansoni infection and decreased in Vit-A DEF mice compared with that in mice fed a control diet.
DISCUSSION
Notably, we found reduced numbers of CD11b + MHCII + macrophages in the lungs and the gut of uninfected Vit-A DEF mice compared with the numbers in mice on the control diet, in contrast to the increased numbers observed in the peritoneal cavity in Vit-A DEF mice. This indicates that there are environmental changes in different tissues during vitamin A deficiency that have different effects on tissue macrophages. Whether retinoic acid and vitamin A have an equally important role in macrophage conversion during inflammation in other tissues remains to be established. Whereas we observed that liver granulomas during S. mansoni infection clearly required vitamin A for macrophage conversion, this was not the case for lung granulomas when S. mansoni eggs were delivered intravenously. The shorter time frame of the more acute lung granuloma model may account for these differences, and indeed few CD11b + tdTomato + cells showed downregulation of CX3CR1-YFP after just 7 d. Alternatively, tissuespecific vitamin A requirements of inflammatory lung macrophages may differ from those in the liver and the peritoneal cavity.
Vitamin A deficiency is associated with increased child mortality in developing countries, and vitamin A has been called an 'anti-infective' vitamin 23 . Because of the pleiotropic effects of deficiencies in retinoic acid and vitamin A, it is difficult to definitively conclude that the increased morbidity observed in S. mansoni-infected Vit-A DEF mice was due specifically to the alterations in macrophage conversion, and not to an underlying state of inflammation in these mice. Although granuloma formation in Vit-A DEF mice was restored by treatment with retinoic acid, this could also have been due to the restoration of the type 2 immune responses. Type 2 immune responses are disrupted during vitamin A deficiency and are critical for the proper formation of S. mansoni egg granulomas 10 .
Our current observations show that monocyte-derived macrophages can eventually adopt a phenotype similar to that of tissue-resident macrophages of embryonic lineage after long-term residency in the tissue. This finding is consistent with reports showing that embryonicderived tissue-resident macrophages can be replaced by bone-marrowderived macrophages that adopt the phenotypic and functional features of the original, embryonically derived population 7, 8, 35 . This process is likely to be accelerated by inflammation, as observed after γ-irradiation and bone marrow transplantation 36 . But even under steady-state conditions, in the absence of inflammation, hematopoiesis from adult bone marrow can replace a proportion of the embryonically derived tissue-resident macrophages during normal aging 7, 8, 22, 37, 38 . Thus, the underlying ontogeny of the cells might not contribute substantially to the differences in their functional properties.
Here we show a role for vitamin A in the appropriate conversion of inflammatory macrophages to a tissue-resident phenotype in the peritoneal cavity and the liver during type 2 immune responses. Retinoic-acid-dependent phenotypic conversion of macrophages may be a physiologically important regulatory process during chronic inflammatory responses, as vitamin A deficiency is associated with increased morbidity and mortality subsequent to various infections in the developing world. An accumulation of inflammatory macrophages and the failure to resolve inflammation might have detrimental consequences in conditions of vitamin A deficiency.
METHODS
Methods, including statements of data availability and any associated accession codes and references, are available in the online version of the paper. 
